Corticotropin-releasing hormone (CRH) coordinates hormonal and behavioral responses to stress. The mitogen-activated protein kinase extracellular signal-related kinase 1͞2 (ERK1͞2) mediates several functions in different forebrain structures and recently has been implicated in CRH signaling in cultured cells. To study in vivo CRH-mediated activation of central ERK1͞2, we investigated the expression pattern of the phosphorylated ERK1͞2 (p-ERK1͞2) in the mouse brain after intracerebroventricular CRH injections. As shown by immunohistochemistry and confocal microscopy analysis, CRH administration increased p-ERK1͞2 levels specifically in the CA3 and CA1 hippocampal subfields and basolateral complex of the amygdala, both structures related to external environmental information processing and behavioral aspects of stress. Other regions such as hypothalamic nuclei and the central nucleus of the amygdala, also related to central CRH system but involved in the processing of the ascending visceral information and neuroendocrine-autonomic response to stress, did not show CRH-mediated ERK1͞2 activation. To dissect the involvement of CRH receptor 1 (CRHR1) and CRHR2, we used conditional knockout mice in which Crhr1 is inactivated in the anterior forebrain and limbic structures. The conditional genetic ablation of Crhr1 inhibited the p-ERK1͞2 increase, underlining the involvement of CRHR1 in the CRH-mediated activation. These findings underscore the fact that CRH activates p-ERK1͞2 through CRHR1 only in selected brain regions, pointing to a specific role of this pathway in mediating behavioral adaptation to stress.
C
orticotropin-releasing hormone (CRH) is a 41-aa peptide that exerts a key role in the adjustment of neuroendocrine and behavioral adaptations to stress. Hypothalamic CRH neurons drive both basal and stress-induced hypothalamicpituitary-adrenal axis (HPA) activation (1) . Internal homeostasis or external environment stress changes are conveyed to the CNS by neurochemical pathways and are integrated at the hypothalamic level where they reach paraventricular CRH neurosecretory neurons controlling CRH secretion (2) (3) (4) (5) . CRH activates corticotropin (ACTH) release (6) , which in turn, stimulates corticosteroid release by the adrenal glands. Besides the hypothalamus, CRH is widely distributed throughout the CNS (7, 8) . CRH acts as a neurotransmitter or neuromodulator in extrahypothalamic circuits to integrate a multisystem response to stress that controls numerous behaviors such as locomotor activity, anxiety, food intake, sexual behavior, sleep, arousal, and learning (2, (9) (10) (11) (12) (13) . Alterations in this system may influence the development of affective disorders and other stress-related clinical conditions (2, (14) (15) (16) (17) (18) .
CRH exerts its actions by means of CRH receptors (CRHRs), of which two subtypes (CRHR1 and CRHR2) have been identified that have different localization throughout the brain (19) (20) (21) (22) . CRHR1 is expressed in high levels in neocortical areas, the basolateral and medial nucleus of the amygdala, anterior pituitary, hypothalamic nuclei, cerebellar Purkinje cells, lateral dorsal tegmentum, and pedunculopotine tegmental nucleus (19) (20) (21) (22) . CRHR2 has been detected in more discrete brain regions, including the lateral septum, ventromedial hypothalamus, and cortical nucleus of the amygdala (19) (20) (21) . Both receptors have been identified in the hippocampus (19) (20) (21) (22) . CRH is a highaffinity ligand for CRHR1 and binds poorly to the CRHR2 for which other ligands such as urocortin have more affinity (16) .
Both Crhr1 and Crhr2 knockout (KO) mice have been developed. Crhr1 KO mice exhibit reduced anxiety-related behavior and an impaired basal and stress-induced HPA response (23, 24) . The study of Crhr2-deficient mice evidenced that CRHR2 mediates peripheral CRH͞urocortin actions on the cardiovascular system and emphasizes a role for this receptor in the recovery of the HPA axis after stress mediated by CRHR1 (25, 26) . Nevertheless, with regard to anxiety related behavior, there are conflicting results obtained from the three independent mouse lines developed (25) (26) (27) . In addition, to dissect the specific contribution of each CRHR to the HPA regulation, double Crhr1͞Crhr2 deficient mouse lines have been developed that point to the essential role of CRHR1 in triggering the stress-induced HPA activation and its recovery by CRHR2 (28, 29) .
Recently, a conditional Crhr1 KO mouse line in which CRHR1 function is postnatally inactivated specifically in anterior forebrain and limbic structures, but not in the pituitary, has been described (30) . In these mice, the basal activity of the HPA system remains intact. These mice present an anxiety reduced phenotype, showing a direct participation of limbic CRHR1 in anxiety related behavior. In addition, these mice, similar to Crhr2 KO mice, present a significantly slower recovery of the HPA system (corticosterone and corticotropin levels) after restraint stress, also showing a role for CRHR1 in this recovery phase. These mice help demonstrate a crucial role for limbic CRHR1 in the central control of HPA adaptation to stress. This phenotype renders these conditional Crhr1 KO mice as an interesting model to selectively dissect CRH͞CRHR1 CNS pathways regulating behavior from those regulating neuroendocrine function.
The mitogen-activated protein kinase (MAPK) pathway includes several kinases, among which, the extracellular signalregulated kinase 1͞2 (ERK1͞2) pathway regulates the transcription factor Elk-1. MAPKs are regulated by cAMP in several cell types. CRHRs are G protein-coupled seven-transmembrane receptors linked to a number of intracellular signaling pathways, including ligand-dependent increase of intracellular cAMP. Activation of CRHR1 by CRH increases cAMP intracellular levels and activates protein kinase A (PKA), which phosphorylates and activates its associated transcription factor CREB (31, 32) . We first demonstrated that upon CRHR1 activation, corticotrophs use a MAPK signal transduction pathway that is downstream of PKA (33) . This pathway depends on calcium entry through calcium-dependent voltage channels at the plasma membrane, involves calmodulin kinase II, and regulates induction and activity of target genes such as Nur77 and Nurr1. The MAPK pathway that is activated by CRH depends on PKA action and involves activation of the small G proteins Rap1 and B-Raf (33) .
ERK1͞2 signaling has been reported to participate in several functions of different forebrain structures (34, 35) , many of which are also targets of CRH action. Thus, contextual fear conditioning requires a ERK1͞2 MAPK cascade (36) . Likewise, ERK1͞2 inhibitors have been found to disrupt long-term potentiation in the hippocampal formation (37, 38) and in the lateral amygdala (LA) (39) . To date, the in vivo link between CRH, CRHR (especially CRHR1), and ERK signaling in the CNS has not been addressed. To examine and map the CNS activation of ERK1͞2 in response to CRH, we conducted functional in vivo experiments in normal mice and in mice carrying Crhr1 deletion in the anterior forebrain and limbic structures.
Methods
Animals and Housing. Adult (12-14 weeks old) male mice weighing 25-35 g were used. The animals were housed four to six per cage under standard conditions (lights were on from 6:00 a.m. to 6:00 p.m. at a temperature of 22-23°C, with a relative humidity of 40-60%) and received food and water ad libitum. Animals with intracerebroventricular (i.c.v.) cannulas were housed singly. Normal adult mice with a C57BL͞6 background were used in the first set of experiments as a reference.
The Crhr loxP/loxP Camk2a-cre and its Crhr1 loxP/loxP control mice were obtained as originally described (for details see ref. 30 ). Briefly, Crhr1 targeting vector was constructed in which exons 9-13 coding for transmembrane regions 4-7 were flanked by loxP sites. Thus, the Crhr1''target'' allele (Crhr1 loxP ) was generated by homologous recombination in embryonic stem cells. Mice homozygous for Crhr1 loxP (Crhr1 loxP/loxP ) are sensitive to Cre recombinase-mediated inactivation of the Crhr1 locus in any cell expressing the recombinase. These Crhr1 loxP/loxP mice did not evidence differences in any behavioral or neuroendocrine phenotype compared with their WT littermates (30) . Afterward, Crhr1 loxP/loxP mice were crossed to a mouse line expressing Cre recombinase driven by a Camk2a promoter (40) , generating Crhr1 loxP/loxP Camk2a-cre and Crhr1 loxP/loxP control mice. These animals were kept on a mixed 129͞Sv X C57BL͞6 background, and genotyping was performed by Southern blot analysis of XbaIdigested tail DNA by using an internal Crhr1 probe and a Cre recombinase-specific probe.
Experimental Procedures. All animal experiments were conducted in accordance with established guidelines.
Animal stereotaxis was performed as described (41, 42) . Mice (n ϭ 5 per group) were anesthetized with sodium pentobarbital (80 mg͞kg, i.p.) and placed in a stereotaxic frame (Technical Scientific Equipment, Bad Homburg, Germany) (43) . Coordinates for the i.c.v. implantation were checked and adjusted previously in some mice with the background identical to the experimental mice. To this end, mice were bilaterally implanted and infused with cresyl violet solution (1 l for each side), the brains were sectioned with a cryostat, and the placement of the cannulas was histologically verified. In the experimental mice, 22-gauge stainless steel guide cannulas were implanted bilaterally at the following coordinates: anterior, 0.4 mm posterior to bregma; lateral Ϯ 1.1 mm lateral to the midline; ventral, 1.0 mm below the exposed dura mater. The cannulas were then fixed in place by using a stainless steel screw and dental cement. A stainless steel stylet was inserted into each cannula to prevent blockage. Mice were allowed 2 weeks of recovery before CRH infusions were performed. After surgery was performed, animals were handled to prevent stress manipulation at the moment of experiment. Only animals with correct placement of the cannula were included for further analysis. Cannulated animals received i.c.v. infusions of human CRH [1.0 g͞1 l, with an injection volume of 1 l for each side (Bachem Biochemica, Heidelberg)] or vehicle over a period of 1 min by means of an injection cannula (31 gauge) that protruded 1.0 mm below the guide tube and was connected to a 10-l Hamilton syringe. Because 1 g of CRH is sufficient to evoke behavioral effects, this dose was chosen for in vivo i.c.v. administration. Ten or 30 min after i.c.v. treatment, animals were killed by decapitation after quick (Ͻ15 sec) anesthesia in saturated isoflurane vapor. For immunohistochemistry, brains were removed immediately and snap-frozen in isopentane (Ϫ40°C) and subsequently deepfrozen on dry ice.
Immunohistochemistry and Confocal Microscopy. Coronal brain sections (12 m thick) were cut with a cryostat and mounted on slides (Superfrost, Menzel-Gläser, Merck Eurolab, Ismaning, Germany). Brain sections were stored at Ϫ80°C until they were processed. Immunohistochemistry was carried out as described (44) . Fixation of mounted brain slices was performed with freshly prepared 4% paraformaldehyde-PBS (pH 7.5 at 4°C) for 5 min, followed by incubation in 0.01% Tween-20͞PBS (T-PBS) for 15 min. Blocking of nonspecific sites was carried out with T-PBS͞2% BSA for 40 min at room temperature. After being washed extensively with PBS, sections were incubated for 24 h at 4°C with rabbit polyclonal anti-pERK1͞2 IgG that stains the activated form of ERK1͞2 (Cell Signaling Technology, Beverly, MA) and rabbit polyclonal anti-ERK1͞2 IgG (Cell Signaling Technology) at 1:100 dilution in T-PBS͞2%BSA. Subsequently, the slices were washed three times in T-PBS for 5 min each and incubated with the corresponding biotinylated goat-anti-rabbit IgG (1:100; Vector Laboratories) for 1 h in T-PBS at room temperature. After being washed in PBS (3 ϫ 5 min), fluorescein-conjugated streptavidin (1:50, Vector Laboratories) was added for an additional hour. Sections were then rinsed again (3 ϫ 5 min) in PBS. Finally, the brain sections were embedded in propidium iodide (PI) containing mounting media (Vector Laboratories) to prevent rapid photobleaching of fluorescein.
Immunohistochemical analysis was carried out by using a laser-scanning confocal microscope (Fluoview FV300 BS61, Olympus , Melville, NY). Images were acquired simultaneously in two acquisition channels with the FLUOVIEW FV 300 (version 3.3) acquisition͞analyzer program.
The optical density of staining was determined automatically by two different observers, with each using two different types of imaging analyzer software: a Macintosh-based NIH IMAGE system and the F LUOVIEW acquisition͞analyzer program. Both systems revealed similar results. F LUOVIEW-processed optical density data are shown, and all data are presented as optical density arbitrary units after correction of each image with its background signal. To minimize interslice staining variability, al least four serial tissue sections per animal and region were analyzed.
Statistics. Statistics were performed by using one-way ANOVA and a posthoc Scheffé's test. P values of Ͻ 0.05 were considered significant. Optical density measurements are expressed as the mean Ϯ SE.
Results

CRH-Induced p-ERK1͞2 Activation in Forebrain Regions
, with the exception of the neocortex, which presented a more intense signal. Hippocampus and amygdala showed, as detailed below, a marked enhancement of the p-ERK1͞2-ir both 10 and 30 min after CRH i.c.v. administration. These areas are extensively innervated by CRH fibers and are also recognized functional targets of CRH action. Therefore, we focused our study in both areas. In these areas, as in all brain regions evaluated, anti-p-ERK1͞2-treated adjacent͞paired slices were stained with an antibody against nonphosphorylated ERK1͞2 (anti-ERK1͞2). Similar expression levels of ERK1͞2 were found, proving that differences in p-ERK1͞2-ir between experimental groups are not caused by unequal ERK1͞2 expression levels. The PI images show that cellularity of the compared brain sections is similar. Therefore, differences in immunoreactivity of p-ERK1͞2 in paired images cannot be appointed to differences in cell number or constitutive unequal ERK1͞2 expression. To control for the possible influence of i.c.v. injection on basal p-ERK1͞2 expression levels, uncannulated animals under the same housing conditions and experimental environment as those of cannulated mice were killed and analyzed. No differences in basal levels were found between uncannulated and vehicle treated-animals (data not shown).
In the hippocampal formation, a great increase in p-ERK1͞ 2-ir was detected in pyramidal cells of CA3 and CA1 subfield layers of CRH-treated mice as compared with the vehicletreated mice (Fig. 1 a and b) . Quantitative analysis of the optical density of p-ERK1͞2 staining in the hippocampus shows that these differences occur at 10 and 30 min after i.c.v. CRH injection (Fig. 3) . Although the dentate gyrus is a structure that expresses both CRHR1 and CRHR2, and is functionally responsive to CRH (20, 22) , it did not show CRH-induced p-ERK1͞2-ir (Fig. 1c) .
In the neocortex, a moderate level of expression was found in vehicle-treated animals, but CRH administration did not significantly enhance p-ERK1͞2-ir at 30 min (Fig. 2a) or at 10 min (data not shown).
The LA and the basolateral nucleus of the amygdala (BLA), which together constitute the basolateral complex of the amygdala (BLC), showed a significant increment of p-ERK1͞2-ir at 10 and 30 min after i.c.v. CRH administration (Figs. 2b and 3) . Interestingly, the central or medial nuclei (Fig. 2b) and the cortical division of the amygdala (data not shown) showed no sign of p-ERK1͞2 activation.
At the hypothalamic level, no p-ERK1͞2 activation was found after vehicle or CRH administration. Complete absence of p-ERK staining was observed at the level of the paraventricular nucleus (PVN) of the hypothalamus at 30 min (Fig. 2c ) and 10 min (data not shown). Immunohistochemical analysis of hippocampal regions showed that the CRH-induced phosphorylation of ERK1͞2 in both the CA3 and CA1 subfields is strongly diminished in (Figs. 4c and 5) , proving the participation of CRHR1 in CRH-induced ERK1͞2 activation on these areas.
Discussion
Our results show that CRH induces ERK1͞2 activation in specific areas of the CNS. The capability of i.c.v. CRH administration or different stress paradigms to activate specific areas in the brain were previously assessed by using the protein or mRNA expression patterns of the immediate-early gene c-Fos, a known general marker of activated neurons (20, 45, 46) . The functional mapping of p-ERK1͞2, a more selective molecular signaling pathway downstream of CRHRs, helps us to further understand, at the molecular, cellular, and cerebral levels, the direct activation of CNS pathways after in vivo central CRH administration and receptor activation. ERK1͞2 MAPK, which is rapidly induced and is an early participant in signaling pathways, constitutes an interesting marker for tracking the initiation of gene expression by CRH in neurons.
At the hippocampal level, i.c.v. CRH administration caused a strong activational effect on pyramidal cells of the CA1 and CA3 fields at both 10 and 30 min after injection. Conversely, the dentate gyrus was completely devoid of p-ERK1͞2-ir, underlining the specificity of the activation pattern. Interestingly, the dentate gyrus expresses low levels of both CRHR1 and CRHR2 (20) (21) (22) . Thus, the low expression levels of CRHRs in this region could be responsible for the absence of p-ERK1͞2-ir. However, in the dentate gyrus, an increased p-ERK1͞2-ir during contextual fear conditioning (47) and an augmented Fos expression after i.c.v. CRH administration (20) has been described. This regional difference could be related to desensitization of MAPK cascades or to the use of non-MAPK alternative signaling pathways induced specifically by CRH in the dentate gyrus. In this sense, alternative coupling of CRHR1 with different G proteins as G s , G i , and G q/11 has been recently described in mouse hippocampus (48) . This differential recruitment of G proteins could, in fact, explain the differences in the p-ERK1͞ 2-ir between any areas or nuclei with a similar CRHR1 expression level.
p-ERK1͞2-ir was increased in some amygdaloid nuclei after CRH treatment. These nuclei participate in processes such as Data are presented as mean Ϯ SE, n ϭ 5 animals; * , P Ͻ 0.05; ** , P Ͻ 0.01 vs.
the corresponding control vehicle, using ANOVA with Scheffé 's test. memory consolidation, fear and anxiety, modulation of hypothalamic circuits, and control of autonomic͞neuroendocrine response (16, 49, 50) . We observed also an increase in the LA and BLA p-ERK1͞2-ir after CRH administration. The LA and BLA form the BLC and belong to the claustrum division of the amygdala (51). Together, both nuclei constitute the frontotemporal cortical functional component that projects to the striatum and has bidirectional communication with several cortical areas. The central nuclei, in which p-ERK1͞2 induction was completely absent, is not endowed with CRHRs, and is a nucleus specialized for modulating autonomic motor outflow. Whereas hippocampus and amygdala displayed an increased CRH-induced p-ERK1͞2-ir, none of the hypothalamic nuclei showed ERK1͞2 activation. The PVN of the hypothalamus, a pivotal structure involved in the modulation of neuroendocrine and autonomic responses to stress, also showed an absence of p-ERK1͞2-ir. The currently available data on CRHR expression on parvocellular and magnocellular divisions of this nucleus are contradictory. Whereas some reports described nonexistent or low levels of CRHR1 or CRHR2 mRNA expression in the rat brain (20, 21) , a recent study evaluating CRHR1 protein distribution in the mouse (22) showed many and strongly stained neurons in the parvocellular division of the PVN. Whether by an absence of CRHRs or by a CRHR-intact͞MAPK-desensitized pathway, it is interesting to note that while telencephalic structures, related to external environmental information processing and behavioral aspects of stress, have different degrees of CRH-induced MAPK activation, the hypothalamus and the central nuclei, which are involved in the processing of the ascending visceral information and neuroendocrine-autonomic response to stress, have a complete incapacity to develop a CRHR-mediated ERK1͞2 activation.
Altogether, these results point to a role of ERK phosphorylation in mediating CRH-induced activation of these limbic structures, known to be involved in learning and memory, stress-related behaviors, and sensory processing of multimodal stimuli.
The involvement of ERK1͞2 in several CRH actions has been described in neuronal cell cultures, such as neuroprotection against excitotoxicity in hippocampal cells (52) and the antiapoptotic activity of CRH in retinoblastoma cells (53) . In cell cultures, ERK1͞2 phosphorylation takes place within a range of minutes after the receptor activation (33, 54) . In vivo CRH administration at 10 and 30 min is sufficient to induce a strong p-ERK1͞2-ir in several brain nuclei. CRH administrated by the i.c.v. route is able to access receptor-expressing cells directly, as demonstrated by the activation of c-Fos (20) . The activation of ERK1͞2 10 min after CRH i.c.v. injection in our experiments, similar to the activation of c-Fos shown at 15 min after i.c.v. CRH administration (55) , might reflect the extent of diffusion of i.c.v. administrated CRH into the extracellular space from the liquor and confirm its cellular accessibility.
Upon activation, ERK1͞2 translocates to the nucleus of the stimulated cells, where it phosphorylates nuclear targets and modulates gene transcription rates of target cells (56) (57) (58) . At each observation point, the neuronal p-ERK1͞2 staining was essentially perinuclear in all evaluated nuclei and areas, as observed by overlapping the digital images of p-ERK1͞2-ir (green) and PI staining (red) of brain slices. The reason for this intracellular localization remains elusive but could be explained by the times selected for killing or by a quickly nucleus-cytoplamic shuttling of the activated kinase. Nevertheless, this observation is in accordance with recent reports (47) , showing that the contextual fear conditioning causes a significantly p-ERK1͞2 increase of predominantly cytoplasmic localization in hippocampal cells.
At the hippocampal level, both CRHR1 and CRHR2 expression has been described. The absence of p-ERK1͞2 activation in the CA3 and CA1 pyramidal cell layers of Crhr1 loxP/loxP Camk2a-cre mice after central CRH treatment evidences the relevance of CRHR1 in the CRH-induced activation of the kinase. However, a weak staining remained, suggesting that coexpressed CRHR2 could be triggering lower additional ERK1͞2 signals. Accordingly, a recent study (59) has demonstrated that CRHR2 in the hippocampus can mediate the ERK1͞2 activation induced by stress-enhanced fear conditioning. ERK1͞2 activation of the BLC was almost completely absent in the conditional Crhr1 KO mice, pointing out the critical role of CRHR1.
The hippocampal and amygdaloid CRH systems emerge as decisive players in the disregulation of limbic circuitry in depressive and anxiety-related disorders where CRHR1 activation mediates a number of depression-like symptoms (16) . We observed that CRH-mediated activation of ERK1͞2 in the pyramidal layer of the hippocampus and LA͞BLA are impaired in Crhr1 loxP/loxP Camk2a-cre mice.
The activation by CRH through CRHR1 of ERK1͞2 in specific areas of the CNS involved in behavior, but not in autonomic͞neuroendocrine pathways, highlights the importance of these intracellular pathways and opens the concept of the involvement of specific signaling pathways mediating responses to stress-elicited CRH.
